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The work covered by this report was accomplished under Air Force Contract
33(657)-8298 but this report is being published and distributed prior to Air Force review.
The publication of this report, therefore, does not constitute approval by the Air Force of
the findings or conclusions contained herein. It is published for the exchange and stimu~
lation of ideos.

The work reported herein was sponsored by the Air Force AeroPropulsion Loboratory
of the Aeronautical Systems Division. Mr. Don R. Wamock, Static Energy Conversion
Section, ASRPP-2, Extension 22208, is the cognizont engineer for the Air Force.
SUMMARY

This fifth quarterly reports accomplishments during the period 15 March 1963 -

15 June 1963 on a theoretical and applied research program directed toward prolonging the
lifetime of magnetohydrodynamic (MHD) energy converters by reducing the necessary
operating temperatures to the range of 1000 to 2000°K. The process of interest is the use
of the self-induced electric field in the MHD generatos fur electrical break-down of
appropriate working fluids of interest. Work ot present is directed toward the use of
Potassium for Rankine (vapor) cycles ond Argon plus Cesium for studying the basic para-
meters of the break-down, although the results are applicable to gas (Brayton) cycles with
certain nuclear reactors.

SIGNIFICANT ACCOMPLISHMENTS

During the present report period, fabrication and erection of the primary system for

the potassium vapor blowdown experiment was completed and fully certified for operation.



Assembly of auxiliary sub-systems, instrumentation and control functions, and the MHD
channel Inserts progressed satisfactorily .

Design of the alkali metal vapor closed loop was initiated. The requirements and
characteristics of the loop components and instrumentation were defined. Design calcula-
tions und construction drawings of many of the major loop components were prepared .

Following a series of cold runs to establish the fluid dynamic behaviour of the system,
the first full-scale hot run was conducted in the argon - cesium continuous flow facility .

I.  LIQUID METAL VAPOR EXPERIMENT(M-5)

During the present report period, fabrication ond erection of the potassium vapor
blowdown system piping was completed. The completed primary system was inspected by a
representative of the Space Technology Center's insurance underwriters ond was fully
certified for operation. An assembly drawing of the as-built piping system is shown in Figure
1 .' A photograph of the blowdown loop positioned in the new MHD Power Generation
Laoboratory is presented in Figure 2.

A stainless steel nozzle for insertion in the transition joint-nozzle spool piece was
designed to achieve Mach 3.2 at the entrance to the MHD generator chonnel. This nozzle
(see Figure 3) has reached final machining stages.

The two total pressure transmitters and the differential pressure tronsmitter were
mounted on support brackets integral to the piping system (see Figure 4). The blowdown
tank pressure probe has been welded in position, but positioning of the other pressure probes

must await completion of the nozzle insert to assure proper location of the spool piece wall taps.



The high density alumina inserts for the MHD channel were received from the vendor.
Bench mock=-up of the channel using a short shroud section has demonstrated the feasibility
of the proposed assembly technique. Slight edge grinding of the inserts will be required
fo affect proper assembly in the shroud. A bench layout of the channel inserts is displayed
in Figure 5. This channel will be assembled in the test section thimble in accord with the
arrangement displayed in Figure 6. The several items associated with the electrode
assemblies and cartridge heater terminals are being prepared.

The instrument console and motor control center were assembled. The blowdown tank
temperature control, heater sheath temperature limit control, multi-point temperature re-
corder, pressure indicator-recorder-controller, four pen continuous temperature recorder,
and vacuum system instrumentation were mounted in the console. Installation of additional
instruments and alarm systems is proceeding.

Utility services to meet the blowdown system electrical, pneumatic, and cooling
water demands were installed. With the completion of these installations, wiring of the
blowdown tank heaters ond instrument-control console and installation of pneumatic and
cooling water piping con now proceed.

Without continuous injection of potassium into the blowdown tank, the upstream
temperature and pressure of the potassium vapor will continuously vary with time during the
blowdown process. An estimate has been obtained for the elapsed blowdown time for the
potassium vapor pressure to decrease to the absolute pressure in the tank; that is, until

incipient pofassium condensation. The calculations were performed under the assumption



that the potassium vapor behaves as an ideal gas undergoing on adiabatic-isentropic
expansion. The results of this calculation are displayed in Figure 7. The region to the
left of the curve represents the operating region; that is, the region in which the vapor

pressure exceeds the total pressure in the tank.

Il. ALKALI METAL VAPOR LOOP (M-6)

Design of the alkali metal vapor closed loop was initiated. During the initial stage
in the design program, the requirements and characteristics of the loop components and
instrumentation were defined. The system was to be capable of generating 2 pounds/minute
of saturated potassium vapor at temperatures ranging from 1700°R to 2000°R (6.1 to 29.0
psia). After odding several hundred degrees of superheat (2500°R maximum), the vapor
would be expanded through a nozzle to attain supersonic velocities at the entrance to the
MHD generator. The vapor discharge from the generator channel would be desuperheated
and condensed in air-cooled units; the condensate retuming to the boiler by meons of an
electromagnetic pump. Auxiliary systems would include o by-pass purification system copable
of 10 loop volume through-puts per hour, a potassium transfer system, and vacuum and cover
gas systems. The system would be fully instrumented for both steady-state and transient
operation with minimum operator coverage. Based on these design criteria, a flow schematic
was prepared (Figure 8) and mechanical component and instrumentation and control function
specification lists were established.

Design calculations for the potassium boiler were completed. On the basis of the

maximum required operating temperature and vapor generation rate, 316 stainless steel was



selected as a likely condidate for the construction material and a high flux, Immernsion-
type heater was selected to provide the approximately 30 KW heat input requirement.

A vessel meeting these specifications and conforming to Section | (Power Boilers) of
the ASME Boller and Pressure Vessel Code was conveniently designed using an 8~inch,
schedule 160 seamless pipe in conjunction with a standard 8-inch torispherical head ond
8-inch x 2 1/2-inch concentric reducer for the upper and lower plenums, respectively.
Overall height of the vessel is approximately 14-inches. Heat input is supplied from
twelve, 5/8 -inch diameter, Inconel-sheathed "Firerod" heaters, each delivering 4.7 KW
at 230 volts over an effective heated length of as little as 5 1/2-inches. Six heaters enter
the vessel through the top head at 60° intervals on a é-inch bolt circle. The remaining
heaters are stepped on 1 3/8-inch centers at 60° intervals up the shell periphery. The
cold zone, that is, unheated portion of the heater both intemal ond extemal to the vessel
wes made arbitrarily long to assure that the vertical heater hot zones are submerged in the
liquid phase at all times and to avoid heater lead bum=-out. To provide leck-proof con-
struction, the heaters are seal-welded to bosses in the vessel wall ond head by means of
welding collars which are integral to the units. Design details of the vessel are shown in
Figure 9; the high flux, immersion=type heaters wi:! be f-hricoted in accordance with Figure
10. By dividing the heat load among twelve heaters, balanced 3-phase operation can be
conveniently achieved with approximately 85% margin in capacity. Such on arrangement
in conjunction with outotronsformers will permit operation at reduced applied voltage

(opproximately 120 volts) and result in grossly increased heater life expectancy .
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A complete stress analysis of the potassium boller was performed. The design meets
oll requirements of the Code for operation ot 2000°R and 100 psig (minimum Code design
pressure). Although the calculations were performed for 316 stainless steel as the con-
struction material, a high strength alloy (Haynes 25 or Inconel X) may be employed. The
actual use of a material having greater temperature - allowable working stress characteristics
will not, of course, negate the \.rolldlty of the vessel's conformance to the Code; rather,
for the same configuration, it will result in a structure having greater safety margin
(ollowance for mechanical strength and for corrosion) ond, thus, increased operating lifetime.

Calculations goveming the engineering design of an induction-heated type superheater
have been performed. These calculations display the electromagnetic coupling between the
induction coil ond heater element and the heat transfer choracteristics between the element
ond the vapor; and, thus, predict the current distribution and power absorption required to
produce varying degrees of superheat. Armed with these analytical results, the design of an
element and coil to achieve a maximum vapor temperature of 2500°R can now proceed.

Design calculations for the primary system condenser-cooler were completed. The design
philosophy adopted was not intended fo obtain optimum performance characteristics for the
unit but rather fo amsure adequate heat removal capability ond flexibility. The condenser-
cooler will be air~cooled and operate between 1550°F and 900°F over three thermodynamic
regimes, namely: 1) superheated region, 2) vapor condensing region, and 3) liquid cooling
region. The condenser-cooler will be fabricated from 3/4-inch seamless stainless steel tubing
(type 316) arranged as 10 coil tums, 15 1/2-inches in diometer, on a 2 1/2=inch coil pitch,
supported in a baffled plenum. This unit will reject approximately 35 KW of heat at an air
displocement volume of 830 cubic feet/minute. Air cooling will be provided by a centrifugal
blower delivering a maximum of 1000 CFM at on estimated static pressure of 1" W, C. The

b=



blower will be direct driven by a variable speed magnetic drive arranged for wutomatic
adjustment to satisfy alr delivery rate requirements. A design drawing of the condenser-
cooler coll and baffled plenum is presented in Figure 11.

The hot trap in the purification loop was designed as an in-line vertical unit which
accepts roughly 90% of the total pump flow. Its purpose is to getter oxygen, carbon
and nitrogen from the potassium to reduce corrosion and to prevent formation and accu-
mulation of the superoxides on the construction materials of the loop. The active or getter
material is Cb=1Zr alloy. As shown in Figure 12, the columbium alloy in sheet form is
corrugated and rolled spirally in short cylinders. The cylinders are packed into a 2 1/2-inch
by 24-inch long, 316 stainless steel tubular hot trap. Concentric reducers are used at the
ends of the hot trap to make up to the purification loop piping and allow complete
drainability .

The sump tank and accumulator (Figures 13 ond 14, respectively) were designed in
accordance with Section VIl (Unfired Pressure Vessels) of the ASME Boiler and Pressure
Vessel Code for operation at 1000°F and 100 psig. The sump tank wos sized to accept a
potassium volume estimated at twice the required loop charge. Oversizing is necessary to
assure that sufficient relatively cool (say 450°F) liquid is present in the tank to prevent
thermal shocking of the vessel in the event of an emergency hot dump. Operating level in
the sump tank will be monitored by four spark plug-type level probes. This is done by
adapting standard automotive spark plugs (with center rod tips extended to various lengths )
to the vessel. One side of a transformer having a 6 volt secondary is connected in series
with a 6 volt lamp (in parallel with a relay) and the spark plug. The loop is grounded, so
that when liquid covers the spark plug, the circuit is completed and the light and relay are

actuated. This relay can be used to actuate on audible alarm system and/or control function.
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The accumulator serves both as a reservoir to compensate for thermal expansion
or contraction of the loop charge during heat-yp or cool=down and as a surge tank to
dampen transients in pump suction pressure during steady-state operation.

In preparation for initiating system layout drawings, an isometric skeich of the
loop was prepared. The technical illustrator's conception of the system based on the
isometric sketch is displayed in Figure 15.

The operating lines superimposed on the temperature-entropy diagram shown in
Figure 16 depict the alkali metal vopor cycle. From this diagrom it is readily seen that
inappropriate selection of the vaporization pressure (line 2-3-4-5 is on isobar) in com-
bination with expansion to too high a Mach Number (line 5-6) can result in an MHD
generator entrance condition (point 6) lying below the potassium vapor pressure line.
To determine the possible operating limits, screening calculations of anticipated MHD
generator performance were prepared. For example, on vaporizing 15 grams/sec of
potassium at 6.1 psia (1700°R), superheating of the vapor to 2500°R ond isentropic ex-
ponsion fo Mach 1.5, the MHD channel inlet pressure will drop to 1.5 psia (which borders
on incipient condensation). At the conditions described (and assuming that the vapor does
not actually condense), a plasma conductivity of 35 mhos/meter could be achieved in a
magnetic field of about 30 kilogauss. The resultont power density would be approximately
0.1 kilowam/cms. Operation at higher vaporization pressures or higher Mach Numbers
(or combinations of the two) would certainly result in vapor condensation. Since the
operation of a wet potassium vapor generator is not a priori in conflict with the magnetically
induced non-equilibrium ionization process, a theoretical study of the effect of wet potassium
vapor (droplets) on non-equilibrium electron heating (and, generator performance) has been
undertaken .

-8-



1. THE ARGON-CESIUM CONTINUOUS FLOW FACILITY (M-4)

A series of cold runs were conducted in order to obtain the fluid dynamic data,
necessary in order fo correctly evaluate the data obtained from the full scala MHD runs.
The average friction factor during the hot runs will be around 0.008. During the cold
runs the Mach number ot the exit of the nozzle (measured by means of a mercury mono-
meter placed across the nozzle) ranged from 0 to .45. The corresponding Mach numbers
at the channel exit ranged from 0 to .82. Flow rates of argon measured by means of a
rotometer situated prior to the heater, and by means of a pitot tube situated at the channel
exit, agreed within 2%.

During the hot runs, the Mach number through the electrode section will vary from
0.6 at the entrance to 0.75 at the exit.

Since the magnetic field strength will be 20,000 gauss, and the average plasma
flow velocity will be around 400 meters/second, the induced electric field will be around
800 volts/meter. In the absence of huge sheath drops, the voltage drop developed across
the channel will be around 24 volts. If only the equilibrium conductivity 8x10..3 mho/meter
exists, the short circuited current will be 0.6 milliomps for the conditions:

To = 1200°K
Po = 15 mig
M = 0.6

If the plasma reaches the best non-equilibrium state, the conductivity will be around
600 mhos/meter and short circuited currents around 40 amps will be observed. Thus it will

be immediately obvious if a state of non-equilibrium exists within the plasma.



By short circulting o galvonometer to each of thrae electrode pairs within the
test section, o permanent record of current and noise may be obtained as long as the
conductivity is less than 0.25 mhos/meter and the noise frequency is less than 300 cps.
If the conductivity is more than 0.25 mhos/meter, the galvanometer deflection will
pass off the recording chort ond the MHD test section panel will supply the means of
obtaining the data. A 0.1 omp fuse will protect each galvanometer. The low scale
callbration curves are shown In Figure 17. Figure 18 shows typical charts obtained with
a sine wave generator. Although the chart drive is not constant, (as indicated by the
apparent compression in the time scale), the timing lines will supply on adequate
reference. Galvonometers #5, #11 and #25 will be ottached to power electrodes (in the
test section ). Galvonometers 725, #45, and 752 will be used to monitor the current
from external batteries downstreom and just out of the magnetic field region. These
measurements will provide data necessary in order to calculate rates of deionization.

The first full scale hot run was conducted with the Argon-Cesium MHD Continuous
Flow Facility. Having been purged with argon fbr two days, the oxygen content was less
than 10 ppm in the MHD heater, the MHD generator, and in the Cesium Injection System.
The MHD heater was brought up to the correct operating power, (60 KW), within the first
30 seconds. During the first 10 seconds of heating, the oxygen content in the MHD
generator rose to around 4000 ppm but then fell rapidly back to less thon 10 ppm for the
remainder of the run indicating that after initial outgassing, the outgassing rute is completely

negligible compared to the main streom flow rate.



During the first 45 seconds of operation the temperatures within the heater, the
nozzie and the MHD test section began to rise us predicted and the cesium injection system
was prepared for injection by filling the syringe with liquid cesium. The time required to
fill the syringe with 15 groms of cesium was 30 seconds. By this time the argon stream
temperature at the nozzle entrance was 1575°K T 15K°. The mass flow rate of argon was
0.16 pounds/second. (After 1 minute of operation, the average outside surface temperature
of the aluminum oxide tubes, surrounding the molybdenum mesh heater, was less than
250°C, Indicating that heat conduction losses are negligible.)

However, after 1 minute ond 15 seconds of operation, the heater current began to
fluctuate and one of the heater leads open circuited; the run was ﬂnn discontinved. In-
stead of being injected into the system, the cesium was injected into a beaker of oil ond
allowed to slowly react with amyl alcobhol.

The hot end of the molybdenum mesh heater was disassembled. The point of open
circuit occurred at the contact points between the mesh ond the 800 ten mil leod wire
situated in the argon flow. The end of the mesh has now been brought out ond directly con-
nected to large copper ber clamps. During the hot run, the argon cooling of the copper
clomps was more thon odequate. However, since the geometry has now been changed, a
new heat tronsfer analysis was performed to determine where and what value would be the
maximum temperature in the copper electrode lead. Temperatures in the new copper bars
will stay below the 800°C (about 270 C° below the melting point). During the initial re-
assembly of the heater, (while the clumina cement was drying), the cesium injection system
was modified to permit operation of all electrical components inside as well as from outside
of the dry box. The second hot run will be conducted within several days.

-11-



The MHD Continuous Flow Facility is shown in Figures 19 - 23. Figure 19 shows
the Pre-lonization Control Panel, the MHD Test Section Panel, the Millivolt Temperature
Recording System. (The Dual Pen Recorder continuously records four temperatures. The
bottom recorder is a 24 multipoint recorder). The Cesium Injection System is shown in Figure
20. The high voltage pre-ionization system, the Hall Voltoge Panel and the De-ionization
Rate Panel are shown in Figure 21. The two oscilloscopes permit continuous observation of
the Hall voltage and the induced voltage between the twelfth electrode pair. In the back-
ground are seen the magnet power control and the saturable core reactor control for the MHD
Heater System. Figure 22 shows the Oxygen Analyzer System, in front of the L-158 magnet,
the exhoust drum, and the optical pyrometer used fo measure the exit temperature of the
molybdenum mesh heater. Figure 23 shows the MHD Electrode Connection Panel on the right
and the mercury monometer bank on the left in front of the MHD Heater Tonk. Undemeath
the MHD Heater Tank can be seen the step~-down transformer necessary to provide a low

voltage-high current power supply to the Molybdenum Mesh Heater.
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Figure 7. Initial Blowdown Tank Pressure vs.
Elapsed Time to Incidient Condensation

Initial Tank Temperature: 2000°R
Tank Volume: 4 Cubic Feet

Y
1T

1
1t
1
1
1

»
o

Tehal Pressure, pria

Time, Seconds




s | | 1 s ! 1 . 1 ] uf 1 i
080 3 3l ]
T I TINTNIN 8 danBry i
- ﬂual.-nﬂ-l.“-\---ﬂia bl r -
o
e
o —
N
! i >
i ﬂ ) X
- - - -
AL I
* ANV AVNS .
- ] : i
|
»
i ﬂ »
1301 |
-
o] &
— p—
»] id
£ »
| x YISNICNC D "
— -
L u
- -
ILr¥ ¥S HOVIINID CHW 1v3+ 43408 3C|
L4 Ls
» — ™
I 4 I { T T . L L ] 4 1 . R | 1 T



P ) R T 1S

SEFCE AT #IILOIPE D TV sRe ty 4L B wOD -
e . TR L L

g
Do 2 g aBre lp e v oF BT -7 - T4 TW
e > gy g = s 4T

R T e R . a4
B B e a4

7

4 M

VYT AL

\

‘,
18 - - ) [ 1 ,.Vl\mw,
- . ; re o [ .
! .A.\A, _ _ [ + ¥
Y by
. 32 Lot o
| ' 7 [ NI e
, T D I Y
! - b o
“w e »
T T pumg . - I 1
- -
s LT N
s

as




— 2] l

M Hig 2/ JINOIN/

"RIUSSINXRS
LON INOZ LOM NO Bptcosrmits 2
0PI NOIAZL - SONZ PSNNIEL

‘e 29

N NS SIING NG INOO mmm]| 772> 3Iv0s W
LY *
9608599 o | i - T
=) DINOTEMOUM Ll — e .
ﬁu&g _ | aanssi N STV 01 @andr

11933 @ veanae /B0 mvsa| S SN0 gl
sz aom ° - —— oo — i ¥ =
B Y B e — TH A

A
%
/&7
. . - o |
$2 e —~werze € ° gev P _
/

S MHLH Sl INOIN/

e/

Yo

SAI 05"




1y I 1 'y | A 1 . | ® 1 « [} . | . { « | ul } - 1
0IVSS |3 ) B e eeseros v ] ) Oil. ~
n v
NRIME S N Rs O 08/ | J.\ 11 O.Hﬂ—w.m.m
= - - :
- sisashrnfirecnnse -
— Z I
Tl
21171
el | h ~
=l |
2 .Lrt /‘— 5
: i o r
L i e .
SR == I
ca - —
R i< e
- -
. !
N s e Oure— -_
3 - “. AT
3
K A -
4 -~ orsie Sar s ik “
o Dl et oo 24
e ¥ 20ressany tarv oaccrbd ~ 7
T e v ders 2l 20 s Ly )
"IN o e
o
g ke 3
) .
/»\l {
- Lot lx\ [
L d
[l \ . )
L4
»|




] Jef 1 - | ot

i,

21 @anlyy

T Tat 7 T —~ Y



.lﬂ S TR g T . 1 £ - LR L < 4 ° y & 1 o 1 W s
I‘r' »e :
fed—— al

WALEAS SO07 TWAIH O

SNV dWNS

NOUSTIERE 2O AW | O L NPT
ANpEEY

*
AN I EIRIT )
+ - VIOV N1 I IECT ¢
o7, as>

q;“&]l m!lal:ia\= Aefefefelizieleialnfoinleiminl

L) ' 4
y L) e | I
- bors ez

Y T T

T




| . z | _8 | y | 8 ] 9 1

f’

20 LEms R £V I
u FLO O V195 bo I S —
‘o owal 3 [on b -
) S S st
| Foo7 SV wowW W || .. R
- fewzssy  ddviawioy ﬁ ............ ~ a7 1 @andr g
R P R e
- u.-::-m::-: T Wﬂk%
- =
auey | i) NS 7 repF,9 > |1
al L |  aw pueme e 7
i 204 wmgarzan ¥yl p |2
|r.bM‘ T sem Twmeorsae#f] § |/
A .. N S o L ICLE M 2 W
I;! - LK K r-mem 3oel L |3
O~ T mu emees e 3 17]
R
~
a ‘ ‘
o NOLLONUISNGD 04 1ON L @ R
m L
3 AYVNINITINd 2 e
L G2y & »fwy ¢ [ JQ
i P :
2
“w
a )v\\a aIIvrINVg o
- - Fow
3
| | | _
OMC3ed | w0 | NOLLSNISIO 1302 | was|




! /“
\t-h

\l\l

T I\|\‘\I\|

\\

Figure 15



TEMPERATURE

ENTROPY

ALKALI METAL VAPOR LOOP - RANKINE CYCLE

-2 : Pump
2-3 : Heater
3-4: Boiler
4-5 : Superheater
6 : Isentropic Expansion
6~7 : Generator
7-8 : De-superheater
8-9 : Condenser
9-1 : Cooler

Figure 16
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Figure 17,Galvanometer Calibration Curves for PM-22
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